Certain dietary agents, such as natural products, have been reported to show anti-cancer effects. However, the underlying mechanisms of these substances in human cancer remain unclear. We recently found that resveratrol exerts an anti-cancer effect by upregulating tumour-suppressor microRNAs (miRNAs). In the current study, we aimed to identify new dietary products that have the ability to activate tumour-suppressor miRNAs and that therefore may serve as novel tools for the prevention and treatment of human cancers. We describe the generation and use of an original screening system based on a luciferase-based reporter vector for monitoring miR-200c tumour-suppressor activity. By screening a library containing 139 natural substances, three natural compounds -enoxolone, magnolol and palmatine chloride -were identified as being capable of inducing miR-200c expression in breast cancer cells at 10 μM. Moreover, these molecules suppressed the invasiveness of breast cancer cells in vitro. Next, we identified a molecular pathway by which the increased expression of miR-200c induced by natural substances led to ZEB1 inhibition and E-cadherin induction. These results indicate that our method is a valuable tool for a fast identification of natural molecules that exhibit tumour-suppressor activity in human cancer through miRNA activation.
Diet is one of the most important environmental factors that can modulate gene expression and affect animal physiology 1 . The use of natural products for the treatment of various diseases such as diabetes, obesity and cancer has also been reported [2] [3] [4] . Indeed, more than 50% of the drugs currently available are natural substances or related compounds 5 . In vitro screening using human cancer cell lines enabled the classification of these products according to their cytotoxicity 6 . For instance, active molecules such as paclitaxel were characterised and appeared to be useful for clinical applications. However, although anti-cancer agents show cytotoxic effect against most cancer cells, resistant populations of cells may survive, leading to recurrence or metastasis. Therefore, finding new and more effective anti-cancer agents is still a real necessity for the development of innovative therapeutic protocols.
MicroRNAs (miRNAs) are small, non-coding RNAs that repress the expression of a wide variety of genes at the post-transcriptional level via sequence-specific base pairing to the 3′ UTR region of multiple target mRNAs 7 . Recent studies have reported that miRNAs can fine-tune in various biological processes, including development, organogenesis, metabolism and homeostasis 8 . It has also been reported that miRNA deregulation can be associated with cancer development, progression and metastasis 9, 10 . Numerous studies have demonstrated that the knockdown of oncogenic miRNAs or the reexpression of tumour-suppressor miRNAs can significantly promote drug sensitivity, inhibit cancer cell proliferation and suppress invasion and metastasis [11] [12] [13] . Kong and collaborators reported that natural products are involved in signal transduction 14 . However, it remains unclear how these molecules might regulate miRNA expression. We previously provided evidence that resveratrol and pterostilbene suppress cancer cell malignancy in vitro and in vivo through the transcriptional activation of tumour-suppressor miRNAs 15 . These findings provide evidence that dietary intake of natural agents can have beneficial effects on human physiology and survival by modulating miRNA biogenesis. However, it is still necessary to identify potent natural substances that activate tumour-suppressor miRNAs. Here, we have described a relevant experimental approach for the screening of natural products with the ability to induce tumour-suppressor miRNAs. By using this method, three compounds-enoxolone, magnolol and palmatine chloride -were highlighted and shown to be capable of upregulating the expression of the tumour-suppressor miRNA miR-200c in MCF7 cells. Moreover, we demonstrated that these three molecules promote miR-200c-dependent anti-cancer effects in breast cancer cells. These results demonstrate that our novel screening method allows the identification of small molecules, such as chemical compounds, peptides, proteins and oligonucleotides, that can activate tumour-suppressor miRNAs in breast cancer.
Results
Establishment of a screening system for monitoring miRNA activity. To identify natural compounds that activate tumour-suppressor miRNAs, we designed a reporter system to monitor miR-200c activity. We selected miR-200c to serve as a reporter in this study because we previously demonstrated that resveratrol suppresses breast cancer cell malignancy by increasing the expression of miR-200c, and we provided evidence of the tumour-suppressor activity of this specific miRNA 15 . As shown in Fig. 1A , our sensor vector expresses a version of firefly luciferase that contains a sequence complementary to miR-200c in its 3′ UTR region. This vector also encodes Renilla luciferase as a control reporter for normalisation. In this system, firefly luciferase activity decreases when miR-200c activity is increased and vice versa (Fig. 1B) . cells were cultured and treated with enoxolone, magnolol and palmatine chloride (10 μ M) at 10 μ M for 3 days. Cell viability was examined using the MTS assay (right panels). The values on the y-axis are depicted relative to the cell viability of the DMSO (Control) treatment, which is defined as 100. All data are shown as the mean ± S.E. *P < 0.05, **P < 0.01, ***P < 0.001.
Using this experimental system, a collection of 139 natural substances was screened (Selleck Chemicals, Houston, TX) (Supplementary Table S1 ). We identified 9 molecules -dioscin, salinomycin, artesunate, gossypol, tanshinone IIA, cryptotanshinone, evodiamine, cyclosporin A and monensin sodium salt -that significantly inhibited the Renilla luciferase activity in pmiR-200c-MCF7 cells 48 h after treatment (Fig. 2B) . Moreover, we found that these 9 compounds dramatically inhibited cell growth at 10 μ M (Fig. 2B) .
Then, from our screening data, we selected three substances -enoxolone, magnolol and palmatine chloride -that strongly induced miR-200c expression (Supplementary Table S1 , Fig. 2C ). Importantly, these three molecules did not show any cell toxicity on MCF7 until a concentration of 50 μ M (Fig. 2D ). These data suggest that our screening method is suitable for identifying natural substances with miR200c activation capacity in breast cancer cells. To examine the possible effects of these three agents on the expression of other tumour-suppressor miRNAs, we performed qRT-PCR. As a result, several tumour-suppressor miRNAs appeared upregulated following treatment with natural products. For instance, we found that palmatine chloride treatment increased the tumour-suppressor miRNAs miR34a and miR-141 in MCF7 cells ( Supplementary Fig. S1 ).
The natural compounds enoxolone, magnolol and palmatine chloride show a miR-200c-dependent anti-cancer activity.
A recent study demonstrated that miR-200c strongly inhibits the invasion ability of breast cancer cells 16 . To examine whether the three selected compounds can influence invasiveness, we performed invasion assays using the highly invasive breast cancer cell line MDA-MB-231-luc-D3H2LN. We found that enoxolone, magnolol, and palmatine chloride reduced the invasion capacity of these cells (25%, 63% and 58% inhibition, respectively) compared with the control (DMSO) (Fig. 3A,B) .
To confirm that the invasiveness inhibition induced by these three substances is regulated by miR-200c, MDA-MB-231-luc-D3H2LN cells were transfected with an antisense oligonucleotide targeting miR-200c is an important EMT activator in human breast cancer. It has been reported that the overexpression of ZEB1 promoted the metastasis of colorectal cancer in a mouse xenograft model 17 . In addition, miR200c activation inhibits ZEB1 expression, resulting in E-cadherin induction in breast cancer cells 18 . We hypothesised that the induction of miR-200c by natural products may have a similar effect on ZEB1 and E-cadherin expression, leading to tumour suppression.
First, our results showed that magnolol and palmatine chloride treatment suppressed ZEB1 expression in MDA-MB-231 cells, whereas enoxolone had no effect (Fig. 4A) . Then, to validate that miR-200c directly modulates ZEB1 protein levels, we performed ZEB1 3′ UTR assays. We found that enoxolone, magnolol and palmatine chloride downregulated Renilla luciferase activity after cells were transfected with a plasmid containing the ZEB1 3′ UTR (Fig. 4B) . This result indicates that, in response to treatment with natural substances, the increased expression of miR-200c leads to ZEB1 inhibition through direct targeting of its 3′ UTR. To examine the effect of natural products on E-cadherin expression, we performed qRT-PCR and immunofluorescence staining of E-cadherin in MCF7 cells after treatment with enoxolone, magnolol or palmatine chloride. As shown in Fig. 4C , all compounds induced E-cadherin expression in MCF7 cells. Furthermore, immunofluorescence staining showed that natural products significantly increased E-cadherin-positive cells compared with the control (DMSO) (Fig. 4D) .
Lastly, we analysed the expression of several EMT markers following natural product treatment 19 . Globally, the EMT markers that we assessed appeared downregulated by one or more natural products after treatment. The most relevant results were obtained with vimentin and c-Met, as their expression was significantly decreased following magnolol and palmatine chloride treatment (Fig. 5) . Taken together, these results suggest that these natural compounds could contribute to the prevention of breast cancer via the modulation of the miR-200c/ZEB1/E-cadherin pathway.
Discussion
New cancer therapies may be developed via the targeting of aberrantly expressed miRNAs, and the administration of specific tumour-suppressor miRNAs has shown beneficial effects for cancer patients 20 . Recent studies have reported that specific natural products, including resveratrol, EGCG, curcumin and isoflavone, can modulate the expression profile of miRNAs 15, [21] [22] [23] . These findings suggest that miRNA regulation using natural products represents a promising strategy for human cancer treatment. In this study, we identified three agents -enoxolone, magnolol and palmatine chloride -that upregulate miR200c expression. Enoxolone, also known as 18β -glycyrrhetinic acid, is a pentacyclic triterpenoid from liquorice root that exerts anti-tumour activity through the induction of apoptosis in breast cancer 24 . In addition, enoxolone can repress cell invasiveness and metastasis by inhibiting PI3K/Akt-mediated NF-kB activity 25 . Magnolol has been isolated from the bark of Magnoliaceae family members, and is used as a herbal medicine to treat several diseases or symptoms such as coughs, acute pain, and gastrointestinal disorders in East Asia 26 . Moreover, magnolol inhibits breast cancer invasiveness by suppressing MMP-9 expression 27 . Finally, palmatine chloride has a structure that is similar to that of berberine alkaloids. This natural product is present in Coptidis Rhizoma and has been used as a traditional medicine in East Asia 28 . Palmatine chloride is known for exerting anti-malarial effects 29 . Hambright and collaborators reported that palmatine inhibits cancer cell proliferation and invasion through decreased activation of NFkB 30 . Although the natural substances that we identified have previously been reported as anti-cancer agents, their effects on tumour-suppressor miRNA activation are still mostly unknown. Consequently, the development of comprehensive methods for the screening of small molecules appears to be extremely valuable for the characterisation of new beneficial substances and determining the mechanisms by which these substances control tumour-suppressor miRNA expression. For instance, our results showed that palmatine chloride treatment inhibited invasiveness and controlled the expression of miR-34a and one of its targets, the c-Met oncogene. The oncogenic activity of this receptor tyrosine kinase has been extensively reported in various types of cancer, where it has an important role in cancer growth, invasion and metastasis 31, 32 . Interestingly, other natural products such as (-)-oleocanthal, which is derived from olive oil, can inhibit HGF-induced c-Met activation and its invasive properties in breast cancer 33 . In addition, Kim and collaborators reported that miR-34a directly represses the expression of c-Met and can regulate and their values were defined as 1.0. All data are shown as the mean ± S.E. *P < 0.05, ***P < 0.001. the downstream ERK2/MAPK signaling pathway 34 . These data show that natural products can specifically repress cell invasion by indirectly inhibiting the expression of a group of tumour suppressors that still need to be further characterised.
In this study, we decided to use miR-200c for screening because the tumour-suppressor function of this miRNA has been extensively reported by several teams, including our group 15, 16, 18 . However, we cannot exclude the possibility that natural products may also influence the expression of other tumour-suppressor miRNAs. For example, our previous study revealed that resveratrol treatment was associated with increased levels of multiple tumour-suppressor miRNAs 15 . To address this point, we globally analysed the expression of miRNAs in response to palmatine chloride treatment and found that this compound increased a number of tumour-suppressor miRNAs, including miR-34a and miR-141 (Supplementary Fig. S1 ). These 2 tumour-suppressor miRNAs have been previously well characterised. Specifically, miR-34a directly down-regulates the expression of BCL-2 and SIRT1, inhibiting the proliferation and migration of breast cancer cells 35 . In addition, miR-141 strongly suppresses cancer cell migration and invasion by reducing TGFβ 2 16 . These observations confirm the consistency of our screening method for the detecting natural substances that efficiently activate tumour-suppressor miRNAs.
We developed an original method that shows potential for high-throughput screening of natural products with tumour-suppressor miRNA up-regulation property. Indeed, in the case of conventional methods such as qRT-PCR, at least 6 hours are needed to measure the expression of miRNAs whereas our method is faster and easier, and can be completed within 1 hour using a small number of cells. Moreover, our method can be performed in 96-well plates, which is a requirement for high-throughput screening of large-compound libraries.
In conclusion, our study reports a valuable screening strategy for the identification of small molecules that can activate tumour-suppressor miRNAs. Using the tumour-suppressor miRNA miR-200c as a reporter, we demonstrated that enoxolone, magnolol and palmatine chloride can have positive effects on cells by downregulating oncogenes. This process occurs via an miRNA-based regulatory mechanism. Indeed, miR-200c upregulation after treatment with one of these compounds inhibited ZEB1 expression, resulting in E-cadherin induction and vimentin inhibition in breast cancer cell lines. Taken together, these results suggest that enoxolone, magnolol and palmatine chloride have an important role in breast cancer prevention by upregulating miR-200c. Although further investigations are needed to characterise the mechanism of action of these natural products in human cancers and clarify how these compounds can modulate the expression of tumour-suppressor miRNAs, our strategy could be valuable for identifying new drugs with curative potential by modulating tumour-suppressor miRNA expression. Importantly, this method is not limited to tumour-suppressor miRNAs and could be applied to the characterisation of miRNA-related natural products that have roles in development, differentiation and disease.
Methods
Reagents. The antibiotic solution (containing 10,000 U/mL penicillin and 10 mg/mL streptomycin), the trypsin-EDTA mixture (containing 0.05% trypsin and EDTA), FBS (foetal bovine serum) and donkey anti-goat Alexa 594 were obtained from Invitrogen (Carlsbad, CA, USA). Goat polyclonal anti-Ecadherin (s-17, sc-31020) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit monoclonal anti-ZEB1 (D80D3) was purchased from Cell Signaling Technology (Danvers, MA, USA). Hoechst 33258 was obtained from Dojindo (Kumamoto, Japan). Enoxolone (G10105), magnolol (M3445) and palmatine chloride (361615) were purchased from Sigma-Aldrich (St Louis, MO, USA). Establishment of stable cell lines. Stable MCF7 cell lines used to monitor miR-200c activity were generated by selection with geneticin (500 μ g/mL). MCF7 cells were transfected with 0.5 μ g of the pmir-GLO vector at 90% of confluency in 24-well dishes using Lipofectamine LTX reagent in accordance with the manufacturer's instructions. Twelve hours after transfection, the cells were replated in a 15-cm dish, Scientific RepoRts | 5:14697 | DOi: 10.1038/srep14697 followed by a 3-week selection with the antibiotic. Ten surviving single colonies were selected from each transfection and were then cultured for 2 additional weeks.
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Cell proliferation assay (MTS assay).
A total of 5,000 cells per well were seeded in 96-well plates.
The following day, the cells were treated with natural products. Three days after culturing, cell viability was measured using the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) in accordance with the manufacturer's instructions. Absorbance was measured at 450 nm using the EnVision system (Wallac, Turku, Finland).
Screening of a library containing 139 natural substances. MCF7 cells stably expressing our firefly luciferase and Renilla luciferase reporter vector (pmiR-200c-MCF7) were seeded onto 96-well plates at a density of 10,000 cells per well. The following day, the cells were treated with 139 natural substances at 10 μ M. After 2 days, the cells were harvested and the firefly luciferase activity was measured and normalised to the Renilla luciferase activity. All assays were performed in triplicate and repeated at least three times. Representative data are shown in the manuscript.
Transwell invasion assay. Breast cancer cell invasion was assayed in 24-well BioCoat Matrigel
Invasion Chambers (8 μ m; BD Biosciences Pharmingen, San Diego, CA, USA) in accordance with the manufacturer's protocol. Briefly, cells were treated with natural products. The following day, 20,000 cells were plated in the upper chamber, which contained RPMI 1640 without FBS. The lower chambers were filled with RPMI 1640 containing 10% FBS as a chemoattractant. Twenty-two hours later, the non-invasive (upper chamber) cells were removed with a cotton swab. Cells that migrated through the membrane to the lower surface of the membrane were fixed with methanol and stained with Diff Quick staining (Sysmex, Kobe, Japan). For quantification, the cells were observed microscopically and counted in four random fields. All assays were performed in triplicate. Invasive values were normalised to the values obtained from cells treated with DMSO.
Isolation of miRNAs and quantitative real-time PCR (qRT-PCR).
Total RNAs were extracted from cultured cells using the QIAzol and miRNeasy Mini Kit (Qiagen, Valencia, CA, USA) in accordance with the manufacturer's protocol. PCR was performed in 96-well plates using the 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). All reactions were performed in triplicate. TaqMan qRT-PCR kits and human E-cadherin and human β -actin TaqMan Expression Assays were purchased from Applied Biosystems (Foster City, CA, USA). Reverse transcription (Applied Biosystems, Foster City, CA, USA) and TaqMan quantitative PCR (Applied Biosystems, Foster City, CA, USA) were performed in accordance with the manufacturer's instructions. SYBR Green I qRT-PCR was performed, and the β -actin housekeeping gene used to normalise the variation in the cDNA levels. The following pairs of primers were used for gene amplification: for vimentin, 5′ -TCTGGATTCACTCCCTCTGG-3′ (forward) and 5′ -GGTCATCGTGATGCTGAGAA-3′ (reverse); for c-Met, 5′ -CAGGCAGTGCAGCATGTAGT-3′ (forward) and 5′ -GATGATTCCCTCGGTCAGAA-3′ (reverse); and for β -actin, 5′ -ACTCTTCCAG CCTTCCTTCC-3′ (forward) and 5′ -AGCACTGTGTTGGCGTACAG-3′ (reverse).
Immunofluorescent staining. After washing three times with PBS (-), the cells were fixed in cold methanol (Wako, Japan). Then, the cells were incubated in RPMI 1640 containing E-cadherin primary antibodies at a dilution of 1:100 for 60 min and subsequently incubated in RPMI 1640 containing Alexa Fluor fluorescent secondary antibodies. Nuclei were visualised using Hoechst 33258 (Dojindo, Kumamoto, Japan) staining for observation under a confocal microscope (FluoView FV1000; Olympus, Tokyo, Japan).
